The ability of a reconstituted cell-free system to transport mRNA as a ribonucleoprotein particle has been examined. Poly(A) messenger ribonucleoproteins (mRNPs), UV cross-linked after release from isolated liver nuclei in a cell-free system, exhibited a buoyant density of 1.33 g/cm3 in cesium sulfate and 1.47 g/cm3 in cesium chloride, values identical to those of poly(A) mRNP isolated directly from liver polysomes. Furthermore, the in vivo and in vitro transported mRNP showed a similar degree of resistance to RNase digestion and had sedimentation coefficients =2.5 times that of the isolated mRNA. Release of both total mRNA and a2,,-globulin mRNA was proportional to the concentration of a specific cytoplasmic protein. Removal of the transport proteins from the cytosol with streptomycin sulfate provided a basal system incapable of supporting the active transport of a2,L-globulin mRNA. Hybridization of released RNA with a recombinant probe specific for intron 6 of a2o,-globulin showed that intron sequences were retained within the nucleus under optimal a2,,-globulin mRNA transport conditions and that the transported a2,,-globulin mRNA was of mature size.
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Exchange of macromolecular complexes between the eukaryotic nucleus and the cytoplasm appears to occur through the nuclear pore complex (1, 2) . Eukaryotic mRNA, both in the nucleus and the cytoplasm, exists in the form of a protein complex (3, 4) . In the nucleus, heterogeneous nuclear ribonucleoprotein particles, containing precursor mRNA, are processed to their corresponding mature form, with the mature message then being transported into the cytoplasm. mRNA molecules emerging from the nucleus undergo a protein exchange where the nuclear-associated proteins are lost and the mRNA becomes associated with proteins derived from the cytoplasm (5) .
To study mRNA transport, we have used a reconstituted cell-free system derived from rat liver. In vitro transport of mRNA from this system has been shown to be energy dependent (6) and dependent on specific cytoplasmic proteins for the active transport of mRNA (7, 8) . Pulse-labeled RNA is released in the cell-free system in a temporal sequence parallel to that observed for pulse-labeled RNA in vivo (6) . To study whether in vitro mRNA transport in the cell-free system occurs as a messenger ribonucleoprotein (mRNP) complex we have used the UV-induced crosslinking method developed by Greenberg (9, 10) .
MATERIALS AND METHODS
Preparation of Cytosol and Nuclei. Cytosol was prepared from the livers of fasted male Sprague-Dawley rats (250-350 g) as described (7) . For the basal transport system cytosol was treated with 2% streptomycin sulfate (8) . Nuclear RNA was prelabeled in vivo by an intraperitoneal injection of 200-500 ,uCi (1 Ci = 37 GBq) of [5-3H] orotic acid 30 min prior to liver removal. After labeling, nuclei were isolated as described (7) .
Cell-Free Nuclear RNA Transport System. The standard cell-free system (7) Polysome and RNP Isolation. Liver polysomes were isolated by homogenization of liver in 5 vol of 0.25 mM sucrose/TMK buffer (50 mM Tris-HCl, pH 7.85/25 mM KCl/2.5 mM MgC12) followed by centrifugation at 8000 x g for 10 min at 4°C. The supernatant was adjusted to 1% Nonidet P-40, layered over a 1.5 M sucrose/TMK cushion, and centrifuged at 360,000 x g for 3 hr. The pellet was resuspended in RSB buffer (10 mM NaCl/2 mM MgCl2/10 mM Tris HCl, pH 7.6). Transported RNPs were isolated from the transport medium by sedimenting the nuclei at 3000 x g for 10 min. The supernatant was layered over a 1.5 M sucrose/RSB cushion and centrifuged as described above for polysomes.
UV Light-Induced Crosslinking and Isolation of Poly(A) mRNPs. Photo-induced crosslinking and NaDodSO4 oligo(dT)-cellulose chromatography of polysomal and transported RNPs were performed as described (9, 10) . RNPs were irradiated with two 15-W General Electric germicidal lamps (G15-T8} mounted in parallel 1-cm apart and equipped with aluminum foil reflectors. The radiation intensity was 4000 ,W/cm2 and the standard dose was 3.6 x 105 erg/mm2.
After irradiation, the RNPs were precipitated with ethanol and then dissolved in sample buffer (0.5% NaDodSO4/10 mM Tris*HCl, pH 7.6/1.0 mM EDTA). The samples were made 0.5 M in NaCl, heated to 60°C for 5 min, cooled, and then applied to an oligo(dT)-cellulose column equilibrated with sample buffer containing 0.5 M NaCl. Unbound material was eluted with 5 column vol of the column buffer; bound material was eluted with sample buffer. Eluted material was precipitated with ethanol before further analysis.
Analysis of Poly(A) mRNP. Cesium sulfate/urea buoyantdensity gradients were prepared as described (9) . The samples were centrifuged in a Beckman SW 50.1 rotor for 65 hr at 50,000 rpm at 25°C. Sucrose gradient analysis was performed as described (10) . Centrifugation was at 15,000 rpm at 22°C for 12 hr in a Beckman SW 28 rotor.
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RNA Extraction. In vitro transported RNA was isolated from the postnuclear supernatant by the NaDodSO4/phenol extraction procedure (pH 9.0) (11). Contaminating yeast tRNA was removed by precipitation of RNA larger than tRNA with 0.5 vol of ethanol (-20°C) after adjusting the extract to 4.0 M guanidine hydrochloride/10 mM EDTA/10 mM Tris HCl, pH 7.5 (12) . The RNA was reprecipitated with ethanol and stored for further analysis.
Recombinant Plasmid DNA. Recombinant plasmid DNA containing inserts (pa136 and pa176) for rat a2,,-globulin (13, 14) in Escherichia coli MM 294 were amplified overnight in the presence of chloramphenicol (200 ,ug/ml) (15) and extracted by the cleared lysate procedure (16) . Plasmid DNA was purified by CsCl density gradients. The restriction fragment from pa136, which contains only intron sequences, was removed by Ava Il/Bgl II double digestion of the plasmid.
The intron-specific fragment was recovered by agarose gel electrophoresis, electroelution in a dialysis membrane, and finally collected by binding to Elutip-d columns (Schleicher & Schuell). RNA and Dot Blot Hybridizations. Dot blot hybridizations were performed by the method of Thomas (17) . RNA blot hybridization analysis was performed as described (18) .
RESULTS
Analysis of in Vitro Transported mRNPs. The in vitro transported mRNPs were initially analyzed by sedimentation analysis in sucrose gradients. Poly(A) mRNPs from the cell-free system exhibited sedimentation coefficients -2.5 times that of mRNA that had been deproteinized by proteinase K digestion (Fig. 1) . These mRNP particles also exhibited a resistance to RNase digestion as compared to deproteinized mRNP, indicating that the mRNA transported in the reconstituted cell-free system was associated with protein.
Cytoplasmic mRNA exists within a protein complex that has a specific protein/RNA ratio. This ratio, determined by buoyant-density analysis, is indicative of cytoplasmic mRNP particles. The buoyant density of mRNP in cesium sulfate is lower (1.33 g/cm3) than that of protein-free RNA (1.66 g/cm3) (10). It has previously been shown that UV irradiation of intact cells produces exactly the same complement of mRNA-binding proteins as does irradiation of isolated polysomes (10). Thus, UV-crosslinking of isolated in vitro transported mRNPs followed by cesium sulfate gradient analysis should indicate whether the transported mRNP particle exists in a complex similar to that of polysomal mRNPs.
The in vitro transported mRNPs were analyzed in cesium sulfate/urea gradients. Under the conditions used, proteins not crosslinked to the poly(A) mRNA dissociate from the RNA in the gradient (9) . Shown in Fig. 2 is a comparison of banding densities between UV-crosslinked in vitro transported mRNPs, UV-crosslinked mRNPs from isolated polysomes, and mRNPs isolated under noncrosslinking conditions. The cesium sulfate buoyant density of the in vitro transported mRNPs is similar to the mRNPs crosslinked in isolated polysomes in that both mRNPs exhibit a buoyant density of 1.33 g/cm3. mRNPs isolated under noncrosslinking conditions band as protein-free mRNA (1.66 g/cm3), which indicated that RNA-protein crosslinking must occur before mRNPs will band as protein-nucleic acid complex under the conditions used. In vitro released mRNPs also showed a buoyant density of 1.47 g/cm3 in cesium chloride (data not shown). The buoyant-density analysis indicated that the protein/RNA ratio for in vitro transported mRNPs is similar to that for polysomal mRNPs.
Transport of mRNA in the reconstituted cell-free system is dependent on the presence of specific cytoplasmic proteins (7, 8) . Cytosol depleted of proteins necessary for mRNA transport by streptomycin sulfate precipitation shows a reduction in the capacity to transport mRNPs (Fig. 2) .
Analysis of in Vitro Transported a2,L-Globulin mRNA. To further characterize the reconstituted cell-free system for RNA transport, we monitored the release of a2,,-globulin mRNA by dot blot hybridization. Release of a2,,-globulin mRNA to the cytosol is linear over a 30-min incubation period (Fig. 3) . The quantity of a2,l-globulin message is also dependent on the cytosol protein concentration. The amount of a2,,-globulin mRNA transported decreases by 50% when the cytosol protein concentration is reduced from 20 to 12 mg/ml.
RNA blot analysis of RNA transported in vitro indicates that the cell-free system transports mature (full-length) a2,,-globulin mRNA (Fig. 4) . The low molecular weight a2g-globulin mRNA is due to residual a2,-globulin fragments in the dialyzed male rat liver cytosol (compare lanes A and B). To further show that the poly(A) mRNPs released in the cell-free system represent mature mRNA, we hybridized the in vitro transported mRNA with an intron-specific probe to precursor a2,,-globulin mRNA. Intron-specific sequences are readily detected in isolated nuclear RNA but not in mRNA transported in the cell-free system. This indicates that the reconstituted cell-free system specifically transports spliced mature mRNP particles.
DISCUSSION
Transport of RNA from the nucleus into the cytoplasm is envisioned to occur within a solid framework, the nuclear matrix, with the mRNA passing through the nuclear pore complex into the cytoplasm (19, 20) . During active transport A B V." . thrid irlW-C II of the mRNA into the cytoplasm, the mRNA exchanges its nuclear protein complement for a specific set of cytoplasmic proteins (5) . Release of RNA into the cytoplasm is a facilitated (7, 8, 21) and energy-dependent process (22) .
Several lines of evidence indicate that transport of RNA occurs within a solid framework. Heterogeneous nuclear RNA and its processed mRNA is found attached to the nuclear matrix (23, 24) . In addition, antibodies to the nuclear matrix protein lamin B inhibit nuclear RNP release (25) . Considering that lamin B exists as both a lamina protein and an intrinsic membrane protein (26) suggests that transport of RNP particles is intrinsically associated with the nuclear matrix and the nuclear pore complex.
To further study transport of mRNPs we have used a reconstituted cell-free system from rat liver. This system supports the transport of translationally active ribosomal subunits (27) and translationally active mRNA (17) . Furthermore, transport occurs in the absence of lytic release of DNA (28) and ribosomal RNA precursors (29) . The cell-free system is energy dependent, requires the presence of specific cytoplasmic proteins (7, 8) , and can be stimulated by low levels of insulin (30) .
Using the reconstituted cell-free system, we have shown that poly(A) mRNA is transported in vitro as a mRNP complex. Sedimentation analysis (Fig. 1 ) and buoyant-density analysis (Fig. 2) show that the mRNPs transported in vitro are similar to the mRNPs isolated directly from polysomes. In combination with the UV-crosslinking method, these data show that the proteins isolated with the in vitro transported mRNA are those bound to the mRNA in vivo and not proteins adventitiously associating with the mRNA. Determination of the exact protein complement and whether the nuclear to cytoplasmic protein exchange is occurring in vitro will require further study.
The reconstituted cell-free system releases a2,,-globulin mRNA in proportion to the amount of cytoplasmic protein (Fig. 3) . The a2,,-globulin mRNA released is full length and is identical to isolated cytoplasmic a2,,-globulin mRNA (Fig.   4) . The cell-free system appears to transport fully processed a2,±-globulin mRNA. No precursor a2,,-globulin mRNA is detected in the transported RNA population by hybridization with an intron-specific probe (Fig. 5) . This is in agreement with Patterson et al. (31) , who have shown that myeloma nuclei selectively transport exon sequences and retain introncontaining sequences. 
